Several significant developments in marine technologies in the past few years have resulted in the creation of acquisition techniques suited to azimuthal anisotropy analysis in the offshore environment. The developments have parallelled the evolution in the theory underlying the use of P-P and P-S amplitude versus direction (AVD) for seismic anisotropy estimation. The demands of such AVD methods for a wide azimuthal coverage have only recently been met. To guide future work, the AVD method has been assessed using data from intersecting streamer lines. Application of the method in this example permits an identification of the strike direction of hydrocarbon-filled fractures within a chalk formation in the central North Sea. The results of this study provide confidence that the method is sufficiently sensitive to fractures and can help guide future analyses. The new generation of vertical cables, seabed seismic sensors, and walk-away (and/or 3-D) vertical seismic profiles will eventually lead to high-resolution anisotropy estimation in the offshore environment using this approach.
INTRODUCTION

Why do we estimate azimuthal anisotropy?
The theoretical device of representing a heterogeneous rock mass by an equivalent homogeneous medium exhibiting the same wave propagation characteristics is used extensively in the seismic method. This approach helps to link log-derived properties such as mineral composition, porosity, clay content, and fluid saturation with macrofield attributes such as impedance, velocity, and density that are used in the final seismic model. The method allows the spatial variability of the rock properties to be mapped from 2-D and 3-D data, and has resulted in the construction of many impressive images. In Manuscript received by the Editor February 6, 1998; revised manuscript received January 21, 1999.
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recent years, it has also been demonstrated that the equivalent medium may be further extended to include subseismic fluctuations arising from thin sedimentary layers and fracturing. In these cases, the medium is now anisotropic to seismic wave propagation. The former case leads to a transversely isotropic medium with the wave properties for each vertical plane being identical. The latter case, either combined with the former or by itself, leads to an azimuthal variation of the wave properties and is referred to as azimuthal anisotropy. Clearly, azimuthal anisotropy is of value in situations such as Figure 1 , where the fault positions must be inferred according to the event displacements and there can be no intrablock definition. Although significant improvements can be made using coherency attributes or even using high-frequency borehole techniques tailored specifically to an individual block, neither has the potential to examine the range of possible subseismic scales critical to production. Estimation of the fracture-induced azimuthal anisotropy can determine the aggregate alignment and porosity of the fracture ensemble if the underlying fracture model is known. Caution is required, however, because this approach is not yet generally applicable, and the relationship between the stress field and the fracture model requires further investigation. The insight is gained at the expense of individual detail for the constituents. Indeed, it now appears in principle that the role of azimuthal anisotropy could be to fill the gap between the fractures determined by logs, extrapolated from outcrop analogs, and inferred from seismic data (Figure 2 ). It should be added that the way in which each subseismic fracture set contributes to the overall anisotropy may depend upon the scaling laws for size and geometry, together with their material properties. For example, if scaled solely according to a fractal size distribution (appropriate for some aspects of faults systems over a limited range), then small fractures become important (MacBeth, 1995) . It is possible that rock organisation based on this scaling could explain the success of the seismic method (F. Muir, 1997, personal communication) . Field evidence from multicomponent vertical seismic profiling (VSP) has further suggested that only hydraulically-connected fractures have the potential to influence the overall seismic velocities (Figure 3 ). This hints at a possible connection between permeability and anisotropy.
Estimation methods for azimuthal anisotropy
The first generation: land multi-component seismics.-Historically, azimuthal anisotropy and fractures have been almost synonymous with shear waves. In fact, anisotropy arising from fractures has often been inappropriately coined shear wave anisotropy. This over-emphasis is principally due to the ease with which shear wave propagation in fractured media can be recognised, and the simplicity of its resultant interpretation. In particular, subvertical propagation through vertical fractures provides direct knowledge of the conditions influencing tangential movement across the fracture faces. This, in turn, may lead to discrimination between a solidlike or fluidlike internal fill, evaluation of porosity, and perhaps some other geometric aspects of the surface topography. Significantly, the orientation may be obtained independently of these other parameters. Sensitivity to transmission and reflection is greatest at vertical incidence, and hence the method is suited to near-offset VSP and poststack surface seismics. This simple and direct approach was exploited in the first generation methods which relied upon direct excitation and recording of shear-waves in land multicomponent acquisitions. For this type Yielding et al., 1992.) of acquisition, multicomponent sources (motion along three orthogonal directions) and multicomponent receivers (wave reception along three orthogonal axes) are required. Fractures lower the overall seismic velocities of both the shear and P-waves, but by differing degrees. The two shear waves generally excited by multicomponent acquisition thus have different impedance contrasts. Such surveys may thus detect fracture clusters by identifying dim spots in the top reservoir event when observed on the slower shear wave section. This is useful when the fracture porosity is too low to significantly alter the P-wave impedance contrast. This approach has been successfully applied to locating fracture swarms in the Austin Chalk, Texas (Mueller, 1991; Li, 1997 ) using 2-D lines, and guiding horizontal drilling into productive zones. The approach has also been employed in large 3-D surveys (Davis and Lewis, 1990) , and for a variety of reservoirs with fractured dolomites, sandstones, and coals. In the latter, the high/low impedance contrast now produces a brightening of the slow shear-wave horizon (Shuck et al., 1996) . Particular mention should be made of multicomponent VSP. The technique provides information on the relationships between shear-wave anisotropy and fracturing or lithology at the borehole (Winterstein and Meadows, 1991; Horne and MacBeth, 1997) . Consequently, it is important in constraining the seismic data to a physical model of the fractures from cores and fracture-related logs.
Despite the many successes, multicomponent surveys are not shot on a routine basis. A full 9C 3-D acquisition is thought to be too costly, despite the benefits (Kendall and Davis, 1996) . In addition, especially with land data, there are many processing (namely, statics) and interpretation issues not yet
FIG.
3. There may be a direct connection between the degree of seismic anisotropy (birefringence) and the flow of fluids (permeability) as shown here in measurements of multicomponent VSP at the Conoco test site in Oklahoma. (From S. Horne and C. MacBeth, 1996 Soc. Expl. Geophys. workshop, Big Sky, Montana.) fully resolved. This is exacerbated by the lack of worldwide availability of equipment (MacBeth and Arnold, 1998), which thus necessitates careful planning of the survey. Current activity is consequently confined to a few specific academic test shoots (e.g., Davis et al., 1997 , for time-lapse exploration studies), or those larger surveys with overriding justification (e.g., the Natih survey, Potters et al., 1996) . This area remains receptive to further development of new tools, and many of the 9C 3-D datasets collected during this period may therefore be revisited in the future. To aid this task, the Seismic Vector Wavefield project at the Texas Bureau of Economic Geology is archiving such datasets.
The new generation: azimuthal variation of the P-wave signature in onshore data.-A new method that has become practical in recent years is the use of P-wave data to detect fracture-induced azimuthal anisotropy. This is possible due to a combination of theoretical developments extending back over seven years, culminating in a number of approximate equations of practical use (Li et al., 1996; Rüger, 1996; Li, 1999) . The approach shifts the emphasis from acquisition effort onto additional processing, relying upon the detection of amplitude and moveout variations in individual prestack gathers. It thus adds considerable benefit to standard P-wave datasets. The amplitude behavior, which now only indirectly incorporates the "shear-wave anisotropy," has been described in the numerical study of Mallick and Frazer (1991) and further verified in the laboratory by Chang and Gardner (1993) . According to theory, the reflection coefficient can contain combinations of the fracture response to normal and tangential stress when the waves are incident at oblique angles. The additional dependency on the normal stress boundary condition provides the potential to improve fracture determination. Such fracturerelated anisotropy can be observed as a directional-dependent modification to the isotropic amplitude versus offset variation (Lynn et al., 1996a; Mallick et al., 1998) . For vertical fractures, the most pronounced effect could be when the source-receiver propagation path is either parallel and perpendicular to the fracture strike. The offset response is in fact a complicated function of fracture or crack fill, porosity, aspect ratio, and target impedance contrast (MacBeth 1999) . The response is usually more pronounced for gas fill than liquid fill, and thus depends critically upon the gas-to-oil ratio in the reservoir. A minimum of three source-receiver lines can also be used to map the behavior with direction, and hence derive fracture strike (Mallick et al., 1998) .
The evolution of field practice for this new generation method started with a discussion of using land 3-D data from the Paris Basin (Lefeuvre, 1994) and the proposition of binning according to azimuth and offset. Since then the method has been successfully compared with the older multicomponent approach for a variety of fractured gas reservoirs where production is known to be affected by the fractures (Lynn et al., 1996b) . It has also been demonstrated by Perez and Gibson (1996) that adequate results can be obtained with oilbearing fractures within a limestone reservoir in the Barinas Basin, southwest Venezuela. While interest in amplitude variations continues to rise, consideration is also being given to NMO velocity variations (Corrigan et al., 1996) and attenuation (Lynn and Beckham, 1998; MacBeth, 1999) . Thus, from a land-acquisition perspective, this new technique heralds an era of less inexpensive acquisition for fracture detection using traditional P-wave seismics. In ensuring adequate azimuthal coverage, the approach is more expensive than traditional 3-D surveys, but it is much less expensive than a comparable shearwave survey.
NEW ESTIMATION METHOD-AVD
The next generation: AVD-Azimuthal variation of the P-wave signature in offshore data For the marine environment, the approach described in the previous paragraph makes fracture estimation possible. It thus opens up a whole new area of interest and potential application. In particular, offshore data are quite suited to this approach because they possess a good signal-to-noise ratio and there is a large available volume covering most of the North Sea and the Gulf of Mexico. Thus from this perspective, there is now a direct route for applying past work in seismic anisotropy, with the advantages of flexibility in survey design, higher data quality, and an optimum seismic anisotropy acquisition. In conjunction with the above advances in theory, there have also been new developments in marine technology. These have led to new acquisition capabilities, which are actually highly appropriate for the estimation of azimuthal anisotropy due to their wide azimuthal aperture. Such is their relevance that we may safely predict that they will provide the next natural direction for marine studies of fractured reservoirs. Thus, the detection of amplitude and velocity variations with offset and azimuth using vertical cables (Krail, 1994) , seabed seismic acquisitions (Berg et al., 1994) , multiple towed streamers, and multiple offset and/or 3-D VSPs (Leaney, 1994) form the next generation of methods. Seabed acquisitions may be particularly important because they also offer the possibility of analysing the converted shear wave, a wave type which offers an enhanced sensitivity to fracturing and sedimentary layering (Li et al., 1996) (Figure 4) . With the added value in estimating anisotropy, it is possible to consider using these acquisitions for monitoring reservoir changes in carbonate reservoirs for which the traditional impedance-derived time-lapse signature is weak.
The approach of analyzing amplitude versus direction over multiple azimuths in these marine data is referred to as AVD. The acronym is chosen as it more accurately reflects the wide range of possible behavior due to azimuthal anisotropy, and draws a distinction from the previous collection of assorted terms for AVO-related effects. An initial test of this method was provided by examining the AVD response parallel and perpendicular to fractures.
Testing the feasibility of AVD
In this example, we reveal the first evidence of a variation in the P-wave reflection amplitude with offset and azimuth for standard marine data in the UK North Sea . The data in this example were recorded in the Fife field in the far south-eastern portion of the central North Sea (Makertich, 1996) . The trapping mechanism for the field was formed by the late Tertiary normal movement on an eastwest trending splay of the Epsilon fault zone. Regionally, this latter zone appears to be a southwest-northeast strike-slip feature, and, in contrast to the regional northwest-southeast fault trends that control the overall structural evolution, the splay is perpendicular to the main Jurassic extensional faults. The field has shallow relief, dipping gently to the south, west, and east, but steeper to the north. Although the Jurassic sandstones form the primary reservoir, additional hydrocarbons have also been encountered in the 150-m-thick Cretaceous Chalk Group. Within the chalk group, hydrocarbons are restricted to the fractured Tor formation, which contains a 40-m column at its structural crest. There, the Tor has an average porosity of 25%, matrix permeability between 0.1 and 2 md, and a water saturation of 50%. There is estimated to be between 10 and 24 million bbl oil. These Tor fractures are a consequence of flexture/rollover associated with the normal movement of the Epsilon fault splay. As a result, the local fracture orientation could be different than that of the regional faulting, and some evidence for this is observed on dip and azimuth displays. Our objective is to determine whether the new AVD approach can assist in deciding the direction of the known fracturing within the Tor interval, and hence deduce whether the fractures are of local or regional origin.
In the Fife area are many intersecting 2-D lines of various vintages cutting across the crest of the field. We chose three lines which intersect the discovery well (W 1 ) drilled directly into the oil-filled fractures ( Figure 5 ) because this provides a well tie for wavelet shaping. Those hydrocarbon-filled fractures in the Tor hydrocarbon appear as small aspect ratio-aligned voids, as judged from inspection of thin sections and core photographs. Two northwest-southeast oriented lines were shot separately with air guns (A 2 ) and water guns (A 3 ) in 1992 and 1983, respectively, and a northeast-southwest oriented airgun line (A 1 ) shot in 1992. The lines thus lie subparallel and
FIG.
4. An example of an exotic AVD variation when using converted shear waves from seabed or VSP data, showing stereographic projection of PS-wave amplitudes for a range of incidence angles (0 • -50 • ) for shale over gas sand. The shale is isotropic with ρ (density) = 2.3 g/cm 3 , V p (P-wave velocity) = 3048 m/s, and V s (S-wave velocity) = 1574 m/s; the gas sand is anisotropic with ρ = 2.19 g/cm 3 , V p = 2183 m/s, and V s = 1502 m/s; and the fracture intensity gives 5% anisotropy. subperpendicular to the known faulting associated with either the local splay or the regional extension. Stacked and migrated sections available from previous work allowed an initial assessment of the area for our proposed analysis. The top of the Chalk Group (2400 m) and the base Cretaceous Unconformity are identified as key events due to their impedance contrasts. The Ekofisk top is a very strong and reliable event across the whole of the field. In the original processing sequence, this event provided control in depth conversion and structural interpretation. It is also used in this present study to provide a calibration horizon for the processing.
The analysis is guided by numerical calculation of reflection coefficients for the top and bottom of the chalk group, and the results then further verified by full wave anisotropic modeling of the common-midpoint (CMP) gathers. For these calculations, the azimuthal anisotropy in the reservoir zone is determined using theoretical formulations for a planar distribution of thin vertical cracks/voids filled with live oil. This is appropriate because the fractures are not connected and do not enhance permeability for this particular chalk formation. The seismic properties of the oil in the chalk are calculated from the API gravity and gas content, together with the formation pressure and temperature. Converted shear waves from rig-source VSP acquired at the well W1 help to determine the shear wave velocity for the chalk. Calculation for the bottom chalk reflection (Figure 6 ) reveals a weak P-wave amplitude variation perpendicular to the fracture strike, but a marked decrease parallel to the fracture strike. It should be added that confidence in the method is boosted in this particular case as the high chalk velocities bend rays incident upon the bottom to more oblique angles; thus dimming occurs at smaller offsets than determined from assuming a direct raypath. Consequently, incidence angles greater than the 30
• are expected for the bottom chalk at maximum offset. Although the top Chalk response is effectively isotropic because only the lower portion of the chalk is fractured, had the chalk actually been completely fractured the response would still have been sufficiently weak to use as a calibration event.
Results
Processing is in general kept to a minimum to ensure that inherent amplitude variations are not distorted prior to the amplitude analysis. The essential steps in the sequence for the prestack analysis consist of the usual bandpass filtering, spherical divergence, deconvolution, sorting to CMP gathers and NMO correction, wavelet matching, and modeling. Figure 7 gives the resultant prestack gathers. These indicate that the strike of the fractures in the Tor appears to be perpendicular to the Epsilon fault, and hence parallel to the regional trend, based on the above calculations. Semblance velocity analysis was performed separately for each of the three lines, and the lines were then stacked using their own stacking velocities. For the top Chalk ( Figure 7 ) and above, there was no significant azimuthal variation (less than 1%) in the stacking velocities, whereas for the bottom chalk, there was an observable 2% azimuthal variation in the stacking velocities, which gave about 10% azimuthal variation in the interval velocities of the chalk, with the faster velocity direction close to line A 2 (Li, 1999) . to satisfactorily detect the fracture strike. Interpretation in this case proceeds by preprocessing steps which include overburden compensation based on equalization at the top Chalk. This is critical because the actual response is a composite of transmission and reflection through the overburden and cannot be relied upon for equalization. In fact, the overburden response may vary azimuthally (Horne and MacBeth, 1997) . Equalization is performed by normalization over the full offset range in the CMP domain. The normalization was based on rms amplitude within a time gate of 40 ms. The behavior in the field data is wholly consistent with full-wave modeling predictions for fracture-induced anisotropy within the target. The fracture direction inferred from the findings above conforms with the extensional faulting seen within the Fife embayment. Indeed, separate seismic attribute displays of the base Cretaceous horizon do in fact show strong trends indicative of small-scale discontinuities in roughly this orientation.
DISCUSSION AND CONCLUSIONS
The importance of fractures has been noted on northern North Sea fields such as Ekofisk (Key et al., 1996) and Clair (Coney et al., 1993) . It is also relevant when producing from FIG. 7. Prestack gathers at separate locations along each line, positioned outside and inside the fractured zone. The base Chalk reflection shows little or no significant variation in amplitude with offset outside the fractured zone, but it displays a distinct dimming with offset inside the oil-filled fracture region for lines A 2 and A 3 . Line A 1 appears relatively unaffected by the fracturing. This suggests the fracture strike is subparallel to A 2 and A 3 according to theoretical calculations. The four locations of the gathers are marked on Figure 5 , where the positions for those inside the fractured zone are coincident at well W 1 (position F).
the Zechstein in the southern gas basin in fields such as Hewett (Cooke-Yarborough, 1994) and Camelot (MacBeth et al., 1997) . In fact, the optimization of production using improved recovery programs in these fields is often critically dependent upon the detection of subseismic fracture distribution, alignment, and intensity. Techniques based on the concept of seismic anisotropy provide an ideal way of accessing these scales. The AVD method provides this ability in the offshore environment. With increasing interest in using seismic anisotropy to resolve difficulties with time-lapse acquisition, the method is set for growth. However, as with all new technologies, there are issues yet to be addressed to improve the robustness of the technique. In particular, because the effect is observed at large offsets, the amplitudes require more careful processing and interpretation. The amplitude variation is therefore less pronounced than for poststack shear-wave sections and more susceptible to lateral heterogeneity. The areas needing improvement or further understanding include (1) determination of fracture intensity, (2) the role of structural variation, (3) fluid flow within the reservoir, and how it may enhance AVD and induce attenuation and frequency dependence (MacBeth, 1999) , (4) the best procedure for determining a stable calibration horizon, and (5) the value of other phenomena FIG. 8. Average amplitudes for near (0-1500 m) and far (1500-3000 m) offset ranges for lines A 1 and A 2 . Note in (b) a dimming of the bottom Chalk reflection strength at far offsets within the fractured zone lying to the left of the well W 1 . The sections have been generated by first performing a prestack top Chalk equalization on the CMP gathers across the full offset range, and then stacking the near and far-offset trace range separately. Thus, the reflection strength may still vary along the line, and the relative amplitudes for the near and far offsets should be compared. such as azimuthal variation in moveout (Li, 1999) or traveltime (Craft et al., 1997) , and local shear wave conversions .
